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Abstract 

Cross sections of the colored scalar particle production in pp-collisions are calculated 
and differential and total cross sections of the corresponding parton subprocesses are 
obtained. The total cross section of scalar gluon production in pp-collisions at the 
LHC is estimated and the dominant decays of scalar gluons are discussed. The 
production cross section of scalar gluons F with masses mp < 1300 GeV is shown 
to be sufficient for the effective production of these particles at the LHC. 
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The search for new physics beyond the Standard Model induced by higher symmetries 
(supersymmetry, left-right symmetry, etc.) is one of the modern research directions in 
elementary particle physics. One such symmetry possibly existing in nature is the four- 
color symmetry of quarks and leptons, where leptons are considered as the fourth color [1]. 

Under its own minimal unification with the symmetry of the Standard Model based 
on the gauge group 

SU v (A)xSU L (2)xU R {l) (1) 

(the minimal quark-lepton-symmetric model - MQLS-model [2,3]), the four-color symme- 
try under the Higgs mechanism of quark and lepton mass splitting predicts, in particular, 
new scalar particles, SU C (3) octets and SUl{2) doublets, the so-called scalar gluons F a n 
(a' = 1,2, i — 1..8 are S77l(2) and SU C (3) indices respectively) [2-4]. 

By virtue of their Higgs origin, these particles have quark coupling constants propor- 
tional to the ratio of quark masses to vacuum expectation value of SM rj and, hence, the 
values of these constants are known (correct to within the quark mixing parameter) , thus 
determining their interaction with gluons by the known strong coupling constant g st . This 
makes it possible to quantitatively estimate the cross sections of processes in which these 
particles participate. Estimates of contributions by the scalar gluon doublets F a /j to the 
Peskin-Takeuchi S-,T-,U-parameters of radiative corrections, and their comparisons with 
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experimental data on S-,T-,U show that these scalar gluons may be relatively light (with 
masses of order 1 TeV or less) [5,6]. Scalar gluons with such masses, being colored ob- 
jects of the SU C (3) group, can be pair produced in pp-collisions through gluon fusion and, 
partly, through quark-antiquark pair annihilation. The scalar S77 c (3)-octets with natural 
suppression of FCNC have been considered in Ref. [7]. The production of scalar SU C (3)~ 
octets at LHC were considered in Refs. [7-10]. The light colored scalar octets in context 
of Adjoint SU(5) unification have been discussed in Ref. [11]. In the case of the scalar 
gluons F a n of MQLS-model the dominant decays of these particles are known [12, 13], 
which gives the possibility of search for these particles through their decays at LHC. 

In the present paper we calculate the production cross sections of scalar particles of 
an arbitrary color representation in pp-collisions, and estimate these cross sections for 
F a /j-scalar gluons at LHC energies with discussing the possible constraints on the masses 
of these particles from future LHC data with account of their dominant decay modes. 

Interactions of colored scalar particles $j with gluons is contained in lagrangian 

£** 9 = e [m**? w**) - mi****] > (2) 

scalars 

D^j = (d lt S*-ig a Gffl?)* j , (3) 

where T % J are the generators of the group representation SU C (N) (a=l, 2.. (1a, d& - dimen- 
sion of the adjoint representation of SU C (N)), realized by the multiplets <3>j, i, j - color 
index; in particular (for N — 3) i,j — 1,2,3 for scalar leptoquarks and i, j = 1,2, ..8 
for scalar gluons. The interactions of scalar leptoquark and scalar gluon doublets with 
fermions in MQLS-model can be found in Refs. [12, 13]. 

In pp-collisions colored particles can be pair produced through gluon fusion and through 
quark-antiquark pair annihilation. Contributions to the total production cross section for 
$$* pairs are given by the parton subprocess diagrams shown in Fig. CD, [2] Diagrams 
of the type [2]4d give a small contribution to the cross section since the corresponding 
constants for scalar-fermion interactions with ordinary quarks and leptons in MQLS are 
small [12,13]. 

In nonabelian gauge theories the amplitudes of the scattering processes 2 — > 2 can be 
represented as the product of group and Lorentz factors [14]. For the $*$ production 
amplitude in the process of gluon fusion this gives 

M(g a g b - = Mff = ^(G,)^, (4) 

p F 

where C p are the denominators of the corresponding propagators (p = s,t,u is the channel 
index, C s = s = s, C t = t = t — M|, C u = u = u — Mj); {G p )^ are the group factors 
(G t )$ = (T a T%, (G u )$ = {T b T%, (Ggg> = if abc T^ (a,b = l..d A are the color indices 
of colliding gluons); and A p is the Lorentzian part of the amplitude. 

The diagrams 1-a and 1-b (fig. [1]) contribute to the u- and t-channels of formula (pfl) 
whereas the diagram 1-c gives the contribution to each of these channels due to the group 
factor of diagram 1-c G t + G u . Calculating the Lorentzian part of the amplitude gives 

+ (<?i - Q2) ■ £2(<?2,o"2)(2p 2 +Pi) ■ ei(qi,ai) + (u- £)ei(gi,<7i) ■ £2(^2, ^2), (5) 
A t =(2q 1 - pi) • £ X {q x , a 1 )(p 2 - 2q 2 ) ■ e 2 (q 2 , cr 2 ) - Oi) • ^2(^2, <r 2 ), (6) 

A u =(2q 1 - p 2 ) ■ £i(gi, a 1 )(p 1 - 2q 2 ) ■ e 2 (q 2 , a 2 ) - W£i(gi, a x ) ■ e 2 (q 2 , a 2 ), (7) 
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where and Pi are momenta of gluons and scalar particles respectively; 0*) is the 
gluon polarization vector with momentum q. L and polarization o~j, i = 1,2. 
By virtue of the masslessness of gluons we have the relation 



c s + c u + c t = 0, 



(8) 



and taking into account the commutation relations of the SU (N) group we have also the 
relation 



\ ab 



\ab 
)ij ■ 



From the explicit form of the amplitudes (J5H7]) it also follows that 

At — A u = A s . 



(9) 



(10) 



With using of the relations (|8 HT0|) the squared amplitude (TjJ averaged over polariza- 
tions and colors of the initial gluons and summed over colors of the final particles can be 
written as 



M 



aft 1 2 
ij I 
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0-1,0-2 a,b i,j 



where 



Ct C u 



(11) 
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C u (G t )ij + C t {G u )^ 
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where c?a are the dimensions of the representation the field $ and of the adjoint rep- 
resentation and C 2 ($) and C 2 (A) are the corresponding eigenvalues of Casimir operator. 
Summing over gluon polarization, we employ the light-cone axial gauge in which there 
are no ghost contributions [15]. 

With account of fjTTMT3l) the differential and total pair production cross sections 
in gluon fusion are 



dt 



d\s 2 



ut 



CM*) C 2 (#) - -=C t (A) 



1-2^5 + 2 
ut 



ut 



(14) 



ira 2 s <i$C 2 ($) 



6s d\ 



C 2 {A)P(3 - 5(3 2 ) - 12C 2 (3{(3 2 - 2)+ 



+ ln 



(3 + 1 



(3-1 



(6C 2 ($)(/3 4 -l)-3C 2 (A)(/? 2 -l) 2 ) 



(15) 



where (3 = yl — 4M|/s is the velocity of scalar particle in the center of mass frame, and 
s is the squared energy in the center of momentum frame of the partons. Expressions 
( fT4l ) and (fT5l ) agree with the corresponding results of [7] and have the more simple form. 

From formula (JED for the SU(3) group {C 2 (A) = 3, d A = 8) for C 2 ($) = 4/3 and 
<i$ = 3, we obtain the total production cross section of scalar leptoquarks S 



a 



gg^SS* 



' 96s L 



13(4:1 - 31(3 2 ) + In 



(3+1 
(3-1 



-p 4 + 18(3 2 - 17) 



(16) 
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which coincides with that of Ref. [16]; and for C 2 ($) = 3, d$ = 8, we obtain the total 
production cross section of scalar gluons F' a in the form 



a, 



" 16s 



£(27- 17/? 2 ) + 3 In 



£ + 1 



£-1 



(/3 4 + 2(3 2 - 3) 



(17) 



The production of the scalar particles $ in quark-antiquark pair annihilation are de- 
scribed by the diagram shown in Fig]2]-a (the contribution of diagram [2]-b from scalar 
leptoquark and scalar gluon doublets of MQLS - model are small). The corresponding 
cross sections are 



da, 



dcosO 



a, 



9 s 

4C($)tt« 2 



99" 



27s 



£ 3 



(18) 
(19) 



here C($) are the normalization constants of the generators for the representation $: 
Tr(T a T b ) = C(<$>)5 ab , C($) = 3 for scalar gluons and C($) = 1/2 for scalar leptoquarks. 
For the scalar leptoquarks, expressions ( TTSHlOTl coincide with the corresponding expres- 
sions in [16], but for scalar gluons they give cross sections 6 times larger (having the same 
masses) than those for scalar leptoquarks. 

The total production cross section of scalar particles $<3>* in pp-collisions at LHC 
energy a tot = a{pp — > $$*) was calculated using the parton densities [17] in the leading 
order (LO) approximation with a fixed number of quark flavors. The total cross sections 
of scalar leptoquark production a to t = a{pp — > SS*) and that of scalar gluon production 
o'tot = a(pp — > FF*) for LHC energy as functions of scalar particle masses are shown in 
Fig. [3] Here and below FF* denotes F^F^ or F 2 F 2 * pairs without their summing. 

In particular, we have found that for scalar leptoquark and scalar gluon masses 



m s = 870±gg GeV, 
m F = 1300^ GeV 



(20) 
(21) 



the corresponding cross sections are a{pp — > SS*) = a{pp — > FF*) = 0.01 pb (the 
horizontal dashed line in Fig. [3]) , which gives the number of events with production of 
SS* or FF* pairs N events = 100 for a luminosity L = 10 fb" 1 . The errors indicated in f[20l) 
and (l2ll arise from errors in the distribution functions [17]. The result (1201 for scalar 
leptoquarks S agrees with the estimate from [16]. 

For the more light masses the cross sections become larger and they are 



a{pp -> SS*) = (12 -0.01) pb, 
a(pp -> FF*) = (1000 - 0.01) pb 



(22) 



for ms = 250 — 870 GeV and for rnp a = 250 — 1300 GeV respectively. 

Among all the possible fermionic decays of the scalar gluons Fi, F 2 = (cpt + i(f2)/y/2 
of MQLS-model, the most probable are the decays 



Fi 



tb, F 2 — > tt ((fi, (p 2 tt) 



(23) 



with the production of the third-generation quarks [12, 13]. In the case where mass 
splitting inside the scalar doublets Am is small enough (Am < mw), the modes (l23l are 
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dominant with widths of order of ten GeVs and with corresponding branching ratios close 
to unity Br(F\ — > tb) ~ Br(F 2 — > tt) fa 1 [12, 13]. If Am > mw, then the weak decays 

F -> F'W 

are also possible with widths comparable to those of the decays (l23l . 

Thus, observations of scalar gluons will be possible through the dominant events ttbb, 
tttt, WW ttbb (or WW tttt). For comparison with ((22)) note that the SM background, for 
example, to the ttbb events is of about asM{ttbb) ~ 8 pb [18] (the darkened stripe in 
Fig. [3]). So, the use of the appropriate cuts can give the possibility to detect the events 
arising from the decays of the scalar gluons with their masses of order (I2T1) or below. 

In conclusion, we resume the results of the work. 

The cross sections of the scalar color particle production in pp-collisions are inves- 
tigated. Differential and total cross sections of the corresponding parton subprocesses 
(gg — > $$*) and (qq — > $$*) are obtained. The total cross sections of production of 
scalar leptoquarks S and of scalar gluons F in pp-collisions at the LHC are estimated 
and the dominant scalar gluon decay modes are discussed. The production cross section 
of scalar gluons with masses m F < 1300 GeV is shown to be sufficient for the effective 
production (N events > 100 for L = 10 fb -1 ) of these particles at the LHC. 
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Figure captions 



Fig. 1. Diagrams of the colored scalar particle production in gg-fusion. 

Fig. 2. Diagrams of the colored scalar particle production in gg-annihilation. 

Fig. 3. The total cross sections of pair production of scalar gluons (1) and of 
scalar leptoquarks (2) at LHC, y/s = 14TeV. The dashed lines (1), (2) denote 
errors arising from pdfs. The horizontal dashed line shows Otot = 0.01 pb which 
gives N events = 100 for a luminosity L = lOfbT 1 . The horizontal darkened 
stripe shows the SM background for ttbb events. 
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